Abstract
Introduction
Laser machining processes have found wider application in the past few decades. Laser machining is flexible, rapid and precise. Nevertheless, process parameters such as laser intensity, laser beam size, laser pulse duration, depth of focus, beam quality and scanning speed of the laser source must be carefully selected for each application in order to achieve optimal results. In addition, high melt temperature, complex fluid convection and phase change are usually involved in the weld pool. While empirical knowledge and experience have historically been employed to determine the optimal process parameters, there have been continuous modeling studies on the related heat transfer and melt flow (see Mazumder et al. 1996 and the references cited therein). In comparison with the experimental study, the modeling study can give detailed information concerning the characteristics of the weld pool and their relationship with the welding process parameters and can be used to reduce the costs for experiments (see Ye et al. 2002 , Powel 1992 , and Cryssolouris 1991 .
The ceramic materials revealing good dielectric and mechanical properties are widely used as substrates for producing and integrating low loss inductors, capacitors and LC resonators of high Q in the microwave region. A laser supported surface alloying of broad class ceramics is becoming an important technological process (see Zum et al. 1995 Zum et al. , 2000 .
Recently, computer modeling of the welding process has been successfully extended by Duitsch et al. (2003) toward describing the process of Laser-Induced Surface Modification (LISM) of ceramics. In addition to the temperature and velocity field distributions within the melt pool, which has become a standard simulation task by using a selfconsistent solving of Navier-Stokes and Energy equations, the diffusion equation has been added to the system of PDE, thus obtaining the distribution of the alloying particles in the melt pool. The model developed by Duitsch et al. (2004) was successfully implemented for simulation of the LISM in case of pulse modulated laser beam. The system of the Navier-Stokes, Energy and Diffusion PDE was selfconsistently solved in the two-dimensional (2-D) case by using the finite element method (FEM). The role of the effect of Marangoni was investigated for both high-temperature and low-temperature ceramics, and the enthalpyporosity technique for describing the liquidsolid phase change process was implemented for the modeling.
Modeling approach
The governing equations describing the melt flow, heat transfer, and particle diffusion are as follows (see Frank 1999 , Incopera 1996 , and Kundu 2004 : -Continuity equation:
-Energy equation:
The PDE system was solved under the following boundary conditions at the surface: ρ -the density of the material, µ -the viscosity, -the thermal diffusion coefficient, -the gravity acceleration, -the melting temperature, -particle diffusion coefficient, and -the mass fraction of the alloyed into the melt particles.
The boundary condition (7) -(Marangoni effect) accounted for the share forces at the surface of the weld pool surface that were generated by the strong temperature gradient in the
. Since the laser beam with Gauss-shaped intensity distribution moves with a constant speed across the surface of the ceramic substrate, the heat flux supplied to the surface was also considered as a function of the time.
In order to account for the solid-liquid phase change in the weld pool, the fixed grid method suggested by Voller et al. (1990) , Brent et al. (1988) , and Prakash et al. (1987) was employed here. In this method, the heat and momentum transfer conditions at the solidliquid interface are incorporated into the governing equations via introducing pertinent source terms. The source terms , introduced in the momentum equations (2) and (3) take the following forms:
,
A is a material-and phase-changedegree-dependent parameter. It was suggested by Brent et al. (1988) that for the materials in which phase change takes place with a distinct solid-liquid interface (isothermal phase change), where is a constant and is the liquid-phase mass fraction which always satisfies the condition . On the one hand,
for the materials, in which the phase change takes place with a mushy region, being a small computational constant and -experimentally selected according the morphology of the phase front in the mushy region (see Brent et al. 1988 ). In the solid phase region with and 2 C m T T < 0 f = , the source terms and will dominate all other terms in the corresponding momentum equations, thus
On the other hand, in the liquid-phase region with and m T T > 1 f = the source terms , will disappear and the equations (2) and (3) will be reduced to the ordinary Navier-Stokes equations used for fluid dynamics simulation. The additional source term 
T T >
When the laser machining is performed with a continuous wave (c.w.) laser beam, the quality of the technological process is mainly determined by variety of parameters, most of them are physical characteristics of the material and specific to the material itself. It is possible, however to control the process by pulsing the laser beam (see Powell 1992) , thus heating the surface with short time separated pulses of different duty cycle, frequency and amplitude. In this way, the control over the quality of the technological process is conveyed from the material characteristics to the laser machine. This mode of laser processing has been successfully applied in the cutting and welding process (see Powell 1992) . It was our belief that the pulsing mode could find implementation also in LaserInduced Surface Modification of ceramic materials. Laser pulses of 500 W and frequency of 100 Hz with duty cycle ranging from 30-80% have been implemented in the computer modeling. The FEM method was applied for the solution of the system of PDE (1-8) using the graphical user interface (GUI) of the multiphysics package FEMLAB (2003) , which is an overlay over MATLAB (2003) technical computing software.
Results from the computer modeling of the Laser Machining on the ceramic surface
The system of PDE (1-8) describing the process of Laser Machining of the ceramic surface in the 2-D case was solved under the following material constants, typical for the hightemperature ceramics such as cordierite (2MgO.2Al 2 O 3 .5SiO 2 ) and Al 2 O 3 :
1. .10 W P = 2 lasers assuming Gaussian shape of the intensity distribution and spot size of 1 mm.
The speed of the laser beam selected is relatively slower compared with the case of laser cutting, but it is typical for laser machining of ceramic materials -of order of some mm/s and it is to be precisely adjusted based on the experimental data and technology. A time step of 0.004s t ∆ = for the modeling of the time evolution of the PDE system was selected.
The multi-physics package FEMLAB provided the possibility to animate in *.avi format the whole time evolution of the system and the presented results are associated with the last time step of the time sweep.
The concentration of the alloyed metal particles is presented by color pattern in Figs. 1-4 as well as the velocity field by arrows of length proportional to the fluid velocity and the temperature field by isothermal lines through step of order of 100 °C. As a model parameter (software entity) four values of gamma were chosen as follows: (Fig.1) , the space distribution of the concentration in the melt pool reveals homogeneous isotropic character and generally followed the isotropic character of the temperature distribution. The low value of gamma caused a low velocity of the particles as the parameter gamma could be considered as a surface accelerator of the fluid (Marangoni effect). Due to the week effect of Marangoni, the isotropic distribution of the temperature field was determined mainly by the diffusion heat flow and slightly by the convective heat flow. The direction of the fluid circulation (see the arrows on the graph) was determined by the sign of gamma, which is negative for the simulated ceramics. Despite that, the particles followed the isotropic character of the temperature field. They could not reach completely the melt border because of both the porosity of the material and the low diffusion coefficient. At higher values of gamma (Figs.2-3 ) the temperature field became more anisotropic, being laterally extended and the concentration distribution of the particles also became anisotropic and laterally extended. This was due to the higher value of gamma and correspondingly to the higher velocity and acceleration of the melt which in turn accelerated the eddy flow. As a result of this complicated effect, the temperature distribution was influenced not only by the diffusive temperature flow but also by the convective one. The metal particles also were captivated and transported by the melt thus following the eddy flow. The convective character of both temperature and concentration fields were clearly pronounced in Fig.4 where gamma reached its largest value and the particles were strongly accelerated on the surface extending the distribution laterally and parallel to the surface. It was clearly distinguished the eddy shape distribution of the concentration. The relative shallow and eddy shaped concentration profile of the metal particles in case of high-temperature ceramics was experimentally confirmed by Schreck (2002) and Duitsch (2004) . Fig. 5 presents a crosssectional profile of the metal particle concentration parallel to the surface. The profile computed in the case of high-temperature ceramics revealed homogeneous character, the fractional value of the concentration being of order of 0.4 which also is typical for such kind of materials (Schreck 2002) .
It can be seen that the concentration and temperature distributions in case of lowtemperature ceramic had profound character, unlike the laterally extended one in case of high-temperature ceramic. The velocity field was of order of 0.4 mm/s which can be explained by lack of Marangoni effect (gamma approaches zero and the viscosity is also very low). The flow circulation in the opposite direction was compared with the direction in case of high-temperature ceramic, as it was determined mainly by the natural volume forces acting vertically in the fluid, not by the surface effect. A profile of the concentration distribution of low-temperature ceramic is presented in Fig. 7 .
Because of the vanishing Marangoni effect, and the low diffusion coefficient of the particles in the melt, the concentration profile revealed inhomogeneous character with significant fluctuations. The shape of the profile in the substrate was more profoundly extended than laterally in horizontal direction as it was observable in the case of high-temperature ceramics (Schreck 2002) .
In addition, computer simulations of the laser machining in modulated beam mode were carried out. The temperature and concentration distributions generally followed the shape of (c.w.) mode, but the depth and the broadness of the concentration field was easily controlled by precisely tuning of the duty cycle and frequency entities. The possibility of controlling the deformations and strains due to significant temperature gradient in the substrate is, most likely, the main potential benefit of using the modulated mode.
Conclusion
The concentration and temperature distribution in case of low-temperature ceramic for typical values of the constants are presented in Fig. 6: A computer model of laser modification of ceramic surfaces was created based on the multi-physics package FEMLAB dedicated to PDE solving. The particle distribution in ceramics with various temperature gradient of the surface tension by processing with both continuous and pulsed laser beams was then 1. determined. The computer simulations showed significant influence of the Marangoni effect on both particle and temperature distributions within the melt pool in case of hightemperature ceramics. At higher values of the software entity gamma, the temperature field became anisotropic being laterally extended and the concentration distribution of the alloyed particles also becomes anisotropic one being laterally extended. The shape of the temperature and the concentration profile in the substrate of low-temperature ceramics was rather profoundly extended into the depth compared with the laterally extension in horizontal direction in the case of hightemperature ceramics. The concentration profile in case of high-temperature ceramics was more homogeneous compared to the lowtemperature case. The computer simulations of the laser machining in mode of modulated laser beam showed that the temperature and concentration distributions follow generally the shape of (c.w.) mode, but the depth and the broadness of the concentration field could be easily controlled by precisely tuning of the duty cycle, frequency and amplitude entities. It is also expected that by using modulated laser beam mode one could easily and effectively technologically control the possible deformations and strains due to the significant temperature gradient in the substrate. The enthalpy-porosity technique for describing the liquid-solid phase change process was implemented for the modeling as well.
